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The obvious advantage of composite materials is in their high strength 
and stiffness to weight ratios. The anisotropy of the material allows 
strength to be utilized in a given design direction without the addition of 
extra weight resulting from strength in unnecessary directions, as is usually 
the case in isotropic materials. The use of these materials can yield 
dramatic weight savings over their more conventional metallic counterparts 
which can reduce fuel consumption and allow for carrying additional fuel or 
cargo. 
The present and future importance of these materials demands that 
unique methods be developed for their testing and evaluation. Their inherent 
anisotropy and non-homogeneity create problems for standard testing proce-
dures; however, through the use of new techniques these can be overcome. The 
determination of the ultrasonic velocity in composite materials may be an 
important nondestructive testing procedure for the measurement of stiffness 
of composite materials. 
Several authors have carried out velocity measurements in composite 
materials. Most results are related to bulk velocity measurements on rela-
tively thick samples. Markham [1], Smith [2], and Gieske and Allred [3] used 
a modified liquid-immersion through-transmission technique. This technique 
is relatively simple but incorrect for measurements in off-axis-of-symmetry 
directions. This incorrectness is due to the effect of ultrasonic beam 
deviation from the wave normal and may be very significant. Zimmer and 
Cost [4] and Kriz and Stinchcomb [5] have measured the complete matrix of 
elastic constants but their technique cannot be considered nondestructive 
since it requires cutting samples with different orientations relative to the 
fiber direction. The paper of Kriz and Stinchcomb's [5] is most comprehen-
sive, and given their set of elastic data, seems very reliable. The ultra-
sanie velocity measurements in honeycomb material were given by Thompson 
et al. [6]. 
One of the features that has complicated ultrasonic measurement in 
directions different from the axes of symmetry is the deviation of the 
ultrasonic beam (wave energy) from the wave normal direction. Such deviation 
was directly demonstrated by Merkulov [7] in quartz with visualization of the 
ultrasonic beam by the schlieren method. For a graphite-epoxy composite 
material, the beam deviation was measured by Kriz and Stinchcomb [5]. 
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While most measurements previously were made on bulk samples, composite 
materials are often produced in the form of thin sheets ("skin"). For this 
type of material, the most important property is the in-plane elasto-aniso-
tropic characteristic. To measure this, Lamb waves are fairly adequate. 
Thompson et al. [8] used low frequency flexural waves (A0 Lamb mode) in the 
direction of the axis of symmetry for study of honeycomb sandwich panels. 
For estimation of the stiffness of thin composite plates, it is reasonably 
adequate to use the low frequency S0 Lamb mode (plate mode). 
In this paper, the polar characteristics for phase and group velocities 
of the low frequency S0 Lamb mode were studied in unidirectional, two-
directional, and quasi-isotropic graphite-epoxy composite panels. The 
results of the experimenta were compared with theoretical calculations. The 
main attention is given to the description of the measurement concepts. 
EXPERIMENTAL PROCEDURE 
Samples 
The graphite/epoxy samples used in this work were manufactured from 
Hercules Corporation AS4/3501-6 Prepreg Tape with 60% volume fraction of 
fibers. Each layer, or ply, in a given sample is made of unidirectional 
graphite fibers impregnated with epoxy resin. The plys in a given !aminate 
can all be in the same direction, or the directions can be varied as desired. 
Due to the two components present in each ply, and because of the discrete 
directions of the fibers, these materials are non-homogeneous and anisotropic 
by nature. 
The first sample is an eight ply unidirectional panel with dimensions of 
1.35 mm X 300 mm X 300 mm. The second is a nine ply two-directional panel 
with dimensions of 1.4 mm X 300 mm X 300 mm with ply orientation of 0/90/0/ 
90/0/90/0/90/0. The third sample is a nine ply quasi-isotropic panel with 
dimensions of 1.4 mm X 300 mm X 300 mm with ply orientation of 0/+45/90/-45/ 
0/-45/90/+45/0. Note that two-directional and four-directional panels have 
an additional layer in the O direction, therefore four-directional (quasi-
isotropic panels) will be slightly anisotropic. In all cases, the 0° direc-
tion is considered to be the direction of the fibers in the first ply of a 
given sample. 
Experimental Setup 
The experimental setup represents an ordinary tone-burst ultrasonic 
system. For excitation and reception of ultrasonic signals, variable angle 
beam plexiglass transducers with exchangeable square piezoelectric plates 
were used. The time delays of transmitted ultrasonic signals were measured 
using the ~t mode of an HP 1743A oscilloscope. Experiments were done at a 
frequency of 0.6 MHz to isolate the S0 mode (plate mode) at any angle of 
propagation in the composite plate. 
Plate Mode Phase and Group Velocity Polar Dependence Measurements 
The phase and group velocity measurements were made at different angles 
of wave propagation relative to the fiber direction. To make these measure-
ments, several aspects have to be taken into account: (1) If the direction 
of propagation does not coincide with the axis of symmetry, the ultrasonic 
beam deviates from the wave vector direction (or direction of axis orienta-
tion of the transmitting transducer). This is illustrated in Fig. 1, where 
8 is the deviation angle. (2) At the value of the product fh=0.6 MHz·mm 
selected in this work (f is the frequency of measurement and h is the plate 
thickness), the S0 mode (plate mode) has small dispersion, and thus, has to 
be taken into account for phase velocity measurement. 
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Fig. 1. Beam deviation in .an anisotrop1c material. 
The effect of ultrasonic beam deviation is shown in Fig. 2. In 
Fig. 2(a), two transducers are oriented in fiber direction for unidirec-
tional composite plates. The transmitter signal is observed with an oscillo-
scope. Fig. 2(b) illustrates the situation where two aligned transducers 
a·re oriented at 45° relative to the fiber direction. The transmitted ultra-
sonic signal disappeared from the screen. By moving the receiving transducer 
in a direction perpendicular to the transducer orientation as shown in 
Fig. 2(c), the receiving ultrasonic signal appears again on the oscilloscope. 
The angle between the direction of the transmitting transducer orientation 
and the direction of the receiving transducer characterizes the angle of 
ultrasonic beam deviation from the wave normal. 
The phase velocity generally can be calculated by measuring the angle 
of incidence of the longitudinal ultrasonic beam in the transducers used for 
excitation and reception of the Lamb mode. However, due to selection of the 
low frequency for measurements, the directivity of the transducer was poor 
and, therefore,measurements of the excitation angle could not be done pre-
cisely. The measurements of time delay changes of the ultrasonic signal due 
to movement of the receiving transducer some distance on the plate were used 
for phase and group velocity determination. 
Also, measurements were made in directions of propagation not coinci-
ding with an axis of symmetry. First, the direction of the ultrasonic beam 
was found by moving the receiving transducer perpendicular to the axis of 
the orientation of the transducer (wave vector direction) and observing 
appearance of the ultrasonic signal on the oscilloscope. The correct beam 
direction will correspond to the maximum of the received signal. Note that 
for each direction of propagation, the angle of excitation in the trans-
ducers have tobe adjusted. Then for velocity measurement, the receiver is 
moved along the line of ultrasonic beam propagation keeping the receiver 
face parallel to the transmitter face. The angle between this propagation 
direction and a line normal to the transmitter face is referred to as the 
angle of beam deviation. 
the distance on which the 
direction (distance dg in 
of the signal envelope. 
Group velocity measurements were taken by relating 
receiving transducer was moved along the beam 
Fig. 1) to the corresponding time delay changes 
To measure phase velocity, the signal envelope was expanded in time so 
that the shift of the carrier signal of the RF burst in the envelope could 
be monitored. The time shift of a fixed phase point of the RF waveform 
(Fig. 3) could then be related to a corresponding displacement of the 
receiving transducer (distance dp in Fig. 1) to find the phase velocity. 
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Fig. 2. (a) Propagation parallel with the fibers. 
(b) Transmitter at 45° to the fibers. 
(c) Receiver moved in direction of the 
deviated ultrasonic beam. 
1 
2 
Fig. 3. Illustration of received signal demonstrating 
how group and phase velocities were measured. 
1. Peak of imaginary signal envelope used for 
group velocity measurement. 2. Point on a single 
waveform used for phase velocity measurement. 
This distance is easily obtained by extending an imaginary line from, and 
parallel with, the receiver face to the point where it intersects the 
direction normal to the transmitter face. 
THEORY 
The experimental results were compared with a theoretical calculation 
of polar diagrams of phase and group velocity in composite material. 
Elastic constants used in the calculations, selected from data given by Kriz 
and Ledbetter [9), are listed in Table 1. Two sets of calculations were 
made : one for the low fre quency limit of plate waves based on the theoret-
ical study of these waves by Moon [10), and the second for bulk longitudinal 
waves calculated for the same plane based on results of Rokhlin, Bolland, 
and Adler [11). Both results are compared with the experiment in the next 
section. 
TABLE 1. Elastic constants in GPa and densi ty in g/cm3 for 
graphite-epoxy composite materia l. 
cu=c22 c33 c12 C13=C23 c44=c55 c66=<cu-cl2)/2 p 
13.6 144 7 . 0 5.47 6.01 3.3 1. 61 
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RESULTS AND DISCUSSION 
The results of phase and group velocity measurements for the undirec-
tional composite plate are shown in Fig. 4. The fiber direction coincides 
with the horizontal axis. The lower curve, with open circles, corresponds 
to the phase velocity. The arrGws show the direction of the phase velocity 
at each measured point relative to the fiber (zero) direction. The upper 
curve, with the crosses, corresponds to the group velocity data. The 
data are presented differently from the conventional representation of 
the ray velocity polar diagram when group velocity data are plotted in 
the direction of the ray vector. In this figure, the group (ray) velocity 
value is plotted in the direction of the phase velocity for a given measure-. 
ment. The group velocity (ray) direction is shown by an arrow on these 
curves. Note that even when the transmitter is aligned at 85° to the 
zero fiber direction, the ultrasonic beam (energy) propagates close to 
the fiber direction. Both velocities rapidly drop off as a direction 
perpendicular to the fibers is approached. Figure 5 displays the corres-
ponding results for the plate with fibers in both the 0° and 90° directions. 
Phase velocity drops to a minimum in between the two fiber directions. 
At 45° to the two fiber·directions, there are three values of group velocity. 
One wave turns toward the 0° fibers, a second turns toward the 90° fibers, 
and a third propagates along the 45° direction between them. Because 
there is one extra 0° ply, the fastest wave is in this direction with 
the second fastest in the 90° direction, as would be expected. Figure 
6 illustrates the results in the quasi-isotropic panel. The angle de-
pendence of the velocities shows nearly isotropic behavior. Phase and 
group velocities also tend to be oriented in the same directions. The 
group velocity is less than the phase velocity as is necessary for the 
80 Lamb mode. 
Figure 7 shows experimental results for phase velocity in the un-
directional composite plate plotted along with the theoretically calculated 
phase velocity for the low frequencv limit of the 80 Lamb mode (plate 
o 
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Fig. 4. Polar plot of group and phase velocities versus 
transmitter orientation relative to the fibers 
in the .unidirectional sample. 
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Fig. 5. Polar plot of group and phase velocities versus 
transmitter orientation relative to the fibers in 
the two-directional sample . 
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Fig. 6. Polar plot of group and phase velocities versus 
transmitter orientation relative to the fibers in 
the quasi-isotropic sample. 
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Fig. 7. Polar plot of a theoretical calulation of the 
phase velocity of bulk wave and Lamb mode as 
well as the experimental phase velocity of the 
Lamb mode in a unidirectional sample. 
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Fig. 8. Polar plot of a theoretical calculation of the 
group velocity of bulk longitudinal wave, as well 
as the experimental group velocity of the Lamb 
mode in a unidirectional sample. 
quasi-longitudinal mode) (dotted line) and the phase velocity for the 
bulk quasi-longitudinal wave (solid line). The theoretical and experimental 
data share the same general shape. Differences between displayed value 
in the fiber direction can possibly be explained by differences of the 
elastic moduli (Table 1) taken for calculation from the actual elastic moduli 
of the material under study. Figure 8 shows the comparison of the experi-
mental data for group velocity with the theoretically calculated group 
velocity polar diagram for the bulk quasi-longitudinal mode. 
Although it was not intended to study the attenuation characteristics 
of these materials, one observation was quite noticeable and seems worthy of 
mention. When propagating in the direction of the fibers, there was much 
less attenuation than when propagating perpendicular to the fibers. The 
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unidirectional panel gives the clearest view of this effect due to its lack 
of interference from fibers of other directions in the same panel. 
For propagation in the direction paralle1 to the fibers in the uni-
directional panel, the attenuation was found to be about 1 dB/cm. The 
same value was found with the transmitting transducer oriented at 45° 
to the fiber direction. It should be noted in the 45° case that, due 
to the anisotropy of the panel, the ultrasonic beam propagates in the 
direction c1ose to the fiber direc-tion. When the Lamb wave is propagating 
perpendicular to the fiber direction, the attenuation was found to be 
about 4 dB/cm. This significant increase in attenuation in this direction 
is explained by ultrasonic wave scattering on the fibers. 
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